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Abstract
Ranbp1, a Ran GTPase-binding protein implicated in nuclear/cytoplasmic trafficking, is included within the DiGeorge/22q11.2
Deletion Syndrome (22q11.2 DS) critical region associated with behavioral impairments including autism and schizophrenia.
Ranbp1 is highly expressed in the developing forebrain ventricular/subventricular zone but has no known obligate function
during brain development. We assessed the role of Ranbp1 in a targeted mouse mutant. Ranbp1−/− mice are not recovered live
at birth, and over 60% of Ranbp1−/− embryos are exencephalic. Non-exencephalic Ranbp1−/− embryos are microcephalic, and
proliferation of cortical progenitors is altered. At E10.5, radial progenitors divide more slowly in the Ranpb1−/− dorsal pallium.
At E14.5, basal, but not apical/radial glial progenitors, are compromised in the cortex. In both E10.5 apical and E14.5 basal
progenitors, M phase of the cell cycle appears selectively retarded by loss of Ranpb1 function. Ranbp1−/−-dependent proliferative
deficits substantially diminish the frequency of layer 2/3, but not layer 5/6 cortical projection neurons. Ranbp1−/− cortical
phenotypes parallel less severe alterations in LgDelmice that carry a deletion parallel to many (but not all) 22q11.2 DS patients.
Thus, Ranbp1 emerges as a microcephaly gene within the 22q11.2 deleted region that may contribute to altered cortical
precursor proliferation and neurogenesis associated with broader 22q11.2 deletion.
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Introduction

DiGeorge/22q11.2 Deletion Syndrome (22q11.2 DS) is a copy num-
ber variant genetic syndrome strongly associated with disorders
of cortical connectivity including autism, attention deficit dis-
order, and schizophrenia (Fine et al. 2005; Philip and Bassett
2011; Baker andVorstman 2012; Schneider et al. 2014). The behav-
ioral disorders associated with 22q11.2 DS likely reflect neural

circuit anomalies that result from disrupted cortical develop-
ment; however, little is known about the function of individual
22q11.2 genes in the developing cortex. 22q11.2 gene-mediated
disruptions could occur during early patterning of the telenceph-
alon (Maynard et al. 2013; Karpinski et al. 2014), or generation and
migration of cortical projection neurons and interneurons
(Meechan et al. 2009, 2012; Schaer et al. 2009; Baker et al. 2011).
We asked whether Ranbp1, a 22q11.2 gene whose expression is
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enhanced in the developing cerebral cortex (Maynard et al. 2002,
2003), is critical for optimal cortical development and is thus a
candidate gene for 22q11.2 DS-associated cortical circuit
disruption.

Ranbp1 seems a likely regulator of early central and peripheral
nervous system development. This binding partner of Ran, a
small Ras-like GTPase essential for nuclear/cytoplasmic trans-
port (Freitas and Cunha 2009), is 1 of a small subset of 22q11.2
genes apparently expressed in neural progenitors during early
CNSpatterning anddifferentiation (Maynard et al. 2003;Meechan
et al. 2009). Ranbp1 isfirst strongly expressed in neural crest popu-
lations that are critical for early forebrain patterning (LaMantia
1999; Siegenthaler et al. 2009), and subsequently in the forebrain
ventricular and subventricular zones. In the fetal mouse as well
as fetal human brain, Ranbp1 is maximally expressed during
the time of peak forebrainneurogenesis (Meechan et al. 2006). Ac-
cordingly, Ranbp1 is a compelling candidate for disruptions of
cortical development that accompany 22q11.2 DS. We therefore
asked whether Ranbp1 function was necessary for key steps in
forebrain or cortical development by analyzing phenotypes that
result from complete Ranbp1 loss of function.

Ranpb1 may influence multiple cellular mechanisms critical
for forebrain differentiation. Ranbp1 regulates the multi-protein
Ran complex, thereby modulating a key effector of nuclear/cyto-
plasmic shuttling (Plafker and Macara 2000; Kehlenbach et al.
2001; Freitas and Cunha 2009). Ranbp1 can also induce primary
cilia formation (Fan et al. 2011), alter cell-cycle progression (Bat-
tistoni et al. 1997; Di Fiore et al. 2003), modulate re-formation of
the nuclear envelope following mitosis (Ciciarello et al. 2010),
and regulate signaling in response to axonal injury (Yudin et al.
2008). We found that Ranbp1 is indispensable for normal fetal
morphogenesis and viability. Furthermore, Ranbp1 has an obli-
gate function in regulation of cortical progenitor proliferation
most likely via modulation of mitosis, particularly in rapidly div-
iding precursor populations, leading first to diminished cortical
size and then diminished neurogenesis in cortical layers 2 and
3, but not layers 5 and 6. Thus, Ranpb1 emerges as amicrocephaly
gene, and as a viable candidate for influencing cortical circuit de-
velopment relevant for behavioral disorders associated with
22q11.2 DS.

Materials and Methods
Generation and Characterization of Ranbp1 Mutant
Mouse Line

Ranbp1 mutant mice were generated from Line S17-6E1 Soriano
ROSAFARY gene-trap ES-cells (Chen and Soriano 2003) by the
UCDavisMutantMouse Regional Resource Center. The hygromy-
cin cassette in the gene-trap construct was excised by crossing to
a Rosa26-FLP1 line, and the resulting line backcrossed for >8 gen-
erations to C57/Bl6N (Charles River Laboratories) before analysis.
Detailed methodology is included in Supplementary Material.

Mouse husbandry, embryo preparation, and tissue collection
were performed as described in previous studies (Meechan et al.
2009; Maynard et al. 2013). A detailed qPCR methodology and a
list of qPCR primers used in this study are included as Supple-
mentary Material.

Immunofluorescent and Western Blot Analysis

Embryos were dissected in ice-cold PBS, immersion-fixed over-
night in 4% paraformaldehyde in PBS, cryosectioned, and stained
as described previously (Maynard et al. 2003;Meechan et al. 2009).

Western blot analysis was performed as described previously
(Maynard et al. 2008). Primary antibodies used in this study are
included as Supplementary Table 2.

BrdU Labeling and Cell Counts

For birth-dating and proliferation analysis, BrdU (50 mg/kg body
weight) was injected IP into timed pregnant mice. Embryos
were harvested at E10.5 1 h after labeling with BrdU, at E14.5, ei-
ther 1 or 16 h after labeling with BrdU, or at E17.5, after labeling
with BrdU at E14.5. Standard BrdU immunolabeling techniques
were used after sodium citrate steam treatment (antigen re-
trieval). Only heavily labeled cells were scored as BrdU positive.
Specimens were imaged as photomontages on either a Zeiss
710 confocal microscope or a Leica DM6000 epifluorescence
microscopewith automated tiling stages. After imaging, sections
were coded and counted blind. For E10.5 embryos, sections for
analysis were chosen within the anterior telencephalon, at the
level of the olfactory epithelium, and cells were counted along
the complete length of the telencephalic vesicle. To account for
size differences between individual embryos, the perimeter of
the telencephalic vesicle was measured for each section, and
cell counts were normalized to this length (i.e., cells/mm). For
E14.5 embryos, cells were counted from coronal sections taken
at the level of mid-ganglionic eminence approximately at the
level of the eye, whereas E17.5 embryos were analyzed at the
level of the anterior commissure. These regions have similar
morphology in both null mutant and wild-type embryos despite
overall changes in cortical size. For cell counting, 150-um- or
300-um-wide counting boxes were superimposed onto micro-
graphs at described locations as noted. We used two-tailed Stu-
dent’s t-tests to evaluate significance of mean cell number
differences between pairs of Ranbp1 null mutant and wild-type
samples, and two-way ANOVA to compare cell distributions
when multiple bins were assessed.

Results
A Mutant Allele of Ranbp1 Results in Complete Loss
of Function

We used a mouse carrying a “gene-trap” insertion of a βGeo re-
porter into the coding sequence of the Ranpb1 locus (Chen and
Soriano 2003) to recover a null mutation and evaluate its obligate
functions during early brain development.Wemapped the inser-
tion site of the ROSAFARY reporter to the 98th base of exon 2
(Fig. 1A), which prevents expression of all but the initial 44 N-ter-
minal amino acids of Ranbp1. Due to the atypical insertion of the
reporter into the exon (rather than into an intron as designed),
the βGeo reporter is almost undetectable by X-gal staining and
acts as a poor indicator for Ranbp1 expression. Using an antibody
to the N-terminus of Ranbp1 (including the 44 amino acid frag-
ment), we did not detect expression of the residual protein in
homozygous Ranbp1mutant embryos, either by immunofluores-
cent staining (Fig. 1B) or western blotting (Fig. 1C). Any sub-
threshold level of the residual 44-amino acid peptide that may
remain is likely nonfunctional. It lacks most of the presumptive
Ran-binding domain and the requisite nuclear export sequence
(Richards et al. 1996) and does not mediate the same cell-cycle
disruption (abnormal chromatin condensation; Battistoni et al.
1997) caused by full-length Ranbp1 when overexpressed in
HEK-293 cells (data not shown). Accordingly, this mutation can
be considered an effective null, referred to as Ranbp1−/−.
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We next confirmed that this genomic lesion specifically and
uniquely disrupts Ranbp1 transcription. We compared Ranbp1
mRNA levels in E13.5 cortex from Ranbp1+/− mutants to that in

the cortex of E13.5 LgDel embryos who also are heterozygous
null for Ranbp1 as well as 27 other 22q11.2 orthologues (Meechan
et al. 2006, 2009). Ranbp1 message was diminished by ∼50% in

Figure 1.Amutant allele of Ranbp1disrupts early brain development. (A) Overviewof Ranbp1mutant allele, detailing insertion of transgene into Exon 2. (B) Immunostain of

E10.5 WT and Ranbp1−/− neuroepithelium, showing undetectable levels of protein expression (red) in null embryo. Right side of images show overlaid nuclear DAPI

staining (blue). (C) Analysis of expression levels of RANBP1 protein in E13.5 cortex obtained from WT (+/+) and heterozygous (+/−) or homozygous Ranbp1 mutant

embryos. Reduced levels are observed in heterozygote samples, whereas no detectable band was observed in homozygous samples. The same blot was

simultaneously probed for beta-Actin as a loading control. (D) Reduced expression levels of Ranbp1 transcript are observed in E13.5 cortical samples from

heterozygous Ranbp1 mutant embryos, similar to levels observed in LgDel embryos. No reduction was observed in heterozygous Ranbp1 embryos for a chromosomally

adjacent transcript, Trmt2a. (D). (E–H) Examination of E10.5 embryos shows that Ranbp1−/− embryos are dysmorphic, including a shortened telencephalic vesicle

(bracket) in the non-exencephalic cohort (F), and open anterior neural tube in the exencephalic cohort (G,G′ is an alternate view of same embryo). (H–J) E14.5 Ranbp1−/

− embryos have visible anomalies including aberrant eye position (arrows) and frequent eye anomalies (insets). (K–P) Cortex of Ranbp1−/− embryos is distinctively

smaller at E14.5, as shown in dorsal (K,L) and lateral (M,N) views, and in hematoxylin and eosin-stained sagittal sections (O,P). (Q–S) Quantification of cortical thinning

at E14.5, obtained by measuring thickness of the cortical mantle in 10 WT and 10 Ranbp1−/− cortices, at 6 evenly spaced landmarks across the mantle. P < 0.001 by two-

way ANOVA. (T–V) Quantification of 22q11.2 transcriptmRNAby quantitative RT-qPCR. (T) Estimation of expression levels in E14 cortex,measured by ▵CT relative toGapdh

expression (lower numbers indicate higher expression levels). (U,V) Expression of 22q11.2 transcripts in cortex of heterozygous Ranbp1mutant cortex (U) and null mutant

cortex (V). Asterisk in (U,V) indicates that expression for a transcript is significant, assessed by one-way ANOVAwith Dunnett’s post hoc test. Scale bars = 1 mm, except

B = 10 µm; R,S = 200 µm.
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Ranbp1+/− cortex, as expected (52%, P < 0.001), similar to that ob-
served in LgDel embryos heterozygously deleted for the entire
22q11.2 orthologous “minimal critical region” (Fig. 1D; see also
Fig. 1U). Furthermore, the Trmt2a locus (also known as Htf9c),
which is immediately 5′ to Ranbp1 on mmChr 16 (the murine
orthologue of hChr 22 as well as 21) and shares the same bicistro-
nic promoter, was expressed in the Ranbp1heterozygote cortex at
levels similar to wild type (WT), rather than LgDel levels (P > 0.9).
Together these results confirm that this complete loss-of-expres-
sionmutation is targeted specifically to the Ranbp1 locus and can
be used to identify obligate functions of Ranpb1 during embryonic
development.

Ranbp1 Mutation Leads to Gross Morphological Defects
with Variable Penetrance

We evaluated the gross morphology of Ranbp1−/− embryos at 2
developmental stages: E10.5, when initial patterning is complete
throughout the embryo and the neural tube is fully closed,
and E14.5, when brain regionalization and organogenesis have
progressed substantially. At E10.5, homozygous mutation of
Ranbp1 profoundly disrupts morphogenesis. E10.5 Ranbp1−/−

embryos appear at the expected frequency (Table 1); however,
they are highly—but variably—dysmorphic (Fig. 1E–G). All exen-
cephalic (11/11) and most non-exencephalic (6/7) E10.5 Ranbp1−/−

embryos have hypoplastic first and second branchial arches
(Fig. 1F–G). Approximately 60% ofmutant embryos are exencepha-
lic from E10.5 onward (Table 2). In most exencephalic E10.5
Ranbp1−/− embryos (11/14), neural tube closure is disrupted from
the rhombencephalon forward, and the spinal cord is spared
(Fig. 1G,G′). The non-exencephalic cohort of E10.5 Ranbp1−/− em-
bryos is less dysmorphic than their exencephalic counterparts,
but not completely normal. These embryos are smaller, the bran-
chial arches are dysmorphic, and the forebrain vesicle is shortened
in the anterior–posterior axis (Fig. 1F).

E14.5 Ranbp1−/− embryos remain dysmorphic (Fig. 1H–J). Both
non-exencephalic and exencephalic embryos are smaller than
their WT counterparts. In non-exencephalic mutants, the head
appears smaller (Fig. 1I). Anomalies are also apparent in the
developing eyes. Their position is shifted (Fig. 1H–J, arrows),
and microphthalmia or severe colobomas (incomplete iris
closure) are present in 21/22 eyes of exencephalic Ranbp1−/− em-
bryos, and 13/26 eyes of non-exencephalic null embryos (insets,
Fig. 1H–J). Gross dissection of the E14.5 brain of non-exencephalic

embryos shows that it is reduced in size (Fig. 1K–N), and sagittal
sections confirm that the cortex appears thinned in non-exence-
phalic null mutants (Fig. 1O,P). Other telencephalic structures,
such as the olfactory bulbs and ganglionic eminences, also ap-
pear to be smaller. We quantified this apparent change in E14.5
cortical thickness in a cohort of non-exencephalic Ranbp1−/−

and WT embryos, at multiple locations along the ventrolateral
to dorsomedial extent of the hemisphere (Fig. 1Q,R). The cortical
mantle in E14.5 Ranpb1−/− embryos is reduced between 11 and
23%ofWT (P < 0.001 by two-wayANOVA), with the greatest reduc-
tion observed near the midpoint of the ventrolateral to dorsome-
dial axis (Fig. 1S). Complete loss of Ranbp1 is not compatible with
postnatal survival. We did not recover any Ranbp1−/− pups at 7–10
days after birth (49 WT, 83 +/−, 0−/−; P < 0.001 by χ2; Table 1).
A significant portion of this failure in postnatal survival can be
accounted for by the 61–70% incidence of exencephaly; however,
we have yet to identify a non-exencephalic Ranbp1−/− embryo
that survives postnatally. Our data also suggest modestly reduced
viability of heterozygous progeny in Ranbp1−/+ × Ranpb1−/+matings
(+/+ : +/− ratio of 1.11 : 1.89), as well as for Ranbp1+/− ×WTC57/Bl6N
matings (110 WT, 93+/−); however, these changes do not reach
statistical significance.

To further confirm the specificity of our Ranbp1 mutation, to
better establish a potential contribution of Ranpb1 to cortical de-
velopment, and to evaluate the consequences of its mutation for
expression of other 22q11.2 genes in the developing cortex, we
quantifiedmRNA levels of Ranpb1 and additionalmurine ortholo-
gues from the 22q11.2 minimal critical region in microdissected
samples of the E14.5 cortical mantle of WT, Ranbp1+/−, and non-
exencephalic Ranbp1−/− embryos. Ranbp1 is 1 of themost robustly
expressed genes inWT E14.5 cortex (Fig. 1T). As expected, hetero-
zygous deletion diminishes Ranpb1 expression in the E14.5 cortex
by ∼50%; however, it does not significantly alter expression levels
of any other 22q11.2 gene in the cortex (Fig. 1U). In homozygous
mutants, Ranpb1 mRNA is undetectable (Fig. 1V). In addition,
homozygous deletion modestly disrupts the expression of sev-
eral other 22q11.2 genes (Fig. 1S), including Tbx1 (P = 0.0005),
Arvcf (P = 0.016), Trmt2a (P = 0.0004), Slc25a1 (P = 0.008), and Dgcr2
(P = 0.02). These expression changesmay be a direct consequence
of the loss of Ranbp1, or secondary to cellular changes that lead to
cortical thinning in the null embryo. Of the 5 statistically signifi-
cant expression changes observed in the E14.5 Ranbp1−/− cortex, 4
are seen for genes expressed at substantial levels. The fifth, Tbx1,
is not robustly expressed in the cortex at midgestation. Indeed,
we have reported previously that Tbx1 is not readily detectable
by in situ hybridization in the cortex at this age (Meechan et al.
2009), consistent with the very high detection threshold (+12.6
CT) in our current qPCR analysis. Thus, the change in Tbx1
expression in the Ranpb1−/− cortex likely reflects detection
threshold rather than a meaningful expression change. Thus,
our expression analysis of the cortex from WT, Ranpb1+/− and
Ranbp1−/− embryos shows that Ranbp1 is robustly expressed in
the normal cortex, confirms the specificity of our mutation for
the Ranpb1 locus, including in the developing cortical mantle,
and suggests that full loss of function of Ranbp1 can modulate—
but not eliminate—expression levels of additional 22q11.2 genes.

Neural Crest is Not Significantly Altered
by Homozygous Loss of Ranbp1

Craniofacial rudiments, especially the branchial arches whose
development depends critically upon the integrity of the cranial
neural crest, are smaller and dysmorphic in Ranpb1−/− embryos.
Previous studies have demonstrated that cranial neural crest

Table 1 Ratio of Ranbp1 mutant recovery by age of analysis

Age +/+ +/− −/− P (χ2)

E10.5 87 143 75 0.34
E14.5 74 125 41 0.009
P7–10 49 83 0 >0.0001

Table 2 Observed exencephalic and non-exencephalic Ranbp1 null
embryos

Exencephalic
(% of total)

Non-exencephalic
(% of total)

% exencephaly
in nulls

E10.5 53 (17%) 22 (7.2%) 70%
E14.5 25 (10%) 16 (6.7%) 61%
E17.5 12 (13%) 7 (7.9%) 63%
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cell populations are also essential for forebrain induction
(LaMantia et al. 1993) including establishing or maintaining
intrinsic forebrain Shh and Fgf8 “organizer” domains (Tucker
et al. 2008) as well as maintaining telencephalic neural progeni-
tors (Siegenthaler et al. 2009). Disrupted neural crest differenti-
ation can also phenocopy key aspects of 22q11.2 DS (Scambler
2000). Accordingly, we evaluated the integrity of the cranial
neural crest in E10.5 Ranpb1−/− embryos to determine whether
branchial arch and forebrain hypotrophy reflects altered neural
crest-mediated morphogenetic interactions. Since many changes
in the exencephalic Ranbp1−/− brain are likely secondary to the
open neural tube, possibly reflecting the consequences of direct
contact with extraembryonic fluids (Lehtinen et al. 2011), we fo-
cused exclusively on the non-exencephalic Ranpb1−/− cohort for
this and all subsequent analyses.

In E10.5 WT embryos, neural crest-derived cells are a primary
constituent of the mesenchyme between the telencephalic
neuroepithelium and the overlying cranial surface epithelium.
These cells secrete a fibronectin-rich basal lamina, and we saw
no apparent differences in the distribution of fibronectin be-
tween WT and Ranpb1−/− embryos (Fig. 2A,B). Cranial crest also
robustly express Crabp1, a key binding protein for retinoic acid
(RA), which is produced by the crest-derived cranialmesenchyme
(LaMantia et al. 2000; Bhasin et al. 2003). Ranpb1−/− and WT
embryos have similar Crabp1 labeling in the cranial mesen-
chyme, particularly in the substantial population of mesen-
chymal cells interposed between the olfactory placode and
ventral forebrain (Fig. 2C,D). Finally, we assessed the integrity
of the neural crest-derived presumptive meningeal cells
adjacent to the dorsal telencephalon, also a source of RA
(Siegenthaler et al. 2009). These cells, robustly labeled by the
neural crest marker P75, appear similar in E10.5 Ranbp1−/−

and WT embryos (Fig. 2E,F). Thus, it is unlikely that a signifi-
cant failure of migration or initial differentiation of the neural
crest underlies craniofacial or forebrainmorphogenetic anom-
alies in Ranbp1−/− embryos.

Forebrain Patterning is Not Significantly Disrupted
by Ranbp1 Mutation

Cerebral cortical size is significantly smaller in Ranbp1−/− mutants;
however,major changes of extrinsic patterning of the nascent fore-
brain due to neural crest anomalies do not seem likely to account
for these changes. Thus, we assessed several aspects of intrinsic
forebrain patterning in the non-exencephalic cohort to determine
whether local morphogenetic mechanisms are responsible for cor-
tical hypotrophy in Ranbp1−/−mutants. In E10.5Ranbp1−/− embryos,
Pax6, amarker of the dorsal palliumwhich will form the neocortex
(Yun et al. 2001; O’Learyet al. 2007) andNkx2.1, amarkerof the ven-
tral telencephalon/subpallium which gives rise to the ganglionic
eminences (Kimura et al. 1996; Sussel et al. 1999) remain segregated
as in theWTembryo (Fig. 2G,H). TheventralNkx2.1domainappears
somewhat smaller in the mutants; however, it is difficult to deter-
mine whether this is an effect of disrupted patterning, or a conse-
quence of the smaller size of the telencephalon. We next asked
whether the medial and lateral ganglionic eminences (MGE/LGE)
formnormally in theRanbp1−/−ventral telencephalon.Weanalyzed
the expressiondomains of Nkx2.1, restricted to theMGE, andAscl1,
which labels theMGEandLGE in the E14.5 telencephalon. Although
the E14.5 telencephalon is smaller, the MGE and LGE are morpho-
logically and molecularly distinct in Ranbp1−/− embryos (Fig. 2I,J).
Thus, despite its smaller size, it appears that some fundamental as-
pects of intrinsic forebrain dorsoventral patterning are intact in
Ranbp1−/− mice.

Neuroepithelial Apical-Basal Polarity is Maintained
in Ranbp1 Mutant Mice

Pallial neuroepithelial cell polarity is critical for proliferation, mi-
gration, and differentiation of cortical progenitors and their pro-
jection neuron progeny (Chenn and Walsh 2002; Zechner et al.
2003; Kwan et al. 2012; Evsyukova et al. 2013). Thus, we next
asked whether essential aspects of neuroepithelial polarity

Figure 2. Patterning of neural crest and dorsal-ventral markers appear normal in Ranbp1−/− embryos. (A,B) Distribution of craniofacial mesenchyme, as indicated by

fibronectin staining, appears normal in Ranbp1−/−, as does neural crest-derived mesenchyme in both the frontonasal process (labeled by CRABP1, C,D) and in the

presumptive meninges, adjacent to the dorsal telencephalon (labeled by P75, E,F). (G,H) Expression of dorsal (Pax6) and ventral (Nkx2.1) markers is appropriately

localized in E10.5 embryos. (I,J) Both the ventromedial (MGE, Nkx2.1/Ascl1 double-labeled) and lateral (LGE, Ascl1) compartments of the subpallium are present in

Ranbp1−/− mutants at E14.5. Scale bars = 250 µm, except C,D = 100 µm and E,F = 25 µm.
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were compromised in the Ranbp1−/− E10.5 dorsal pallium.We first
evaluated the morphology of radial glial cells, which become
forebrain stem cells as well as migratory substrates (Malatesta
et al. 2008; Kriegstein and Alvarez-Buylla 2009). In both WT and
Ranpb1−/− E10.5 embryos, nascent radial glial progenitors have
long, basally oriented processes (i.e., toward the pial surface),
with end-feet that contact the basal lamina (Fig. 3A,B). We next
assessed the integrity of the apical domain by evaluating β-cate-
nin, which is concentrated at apical tight junctions. We saw no
consistent differences in apical β-catenin labeling between WT
and Ranbp1−/− mutants (Fig. 3C,D). We also examined the apical
localization of the polarity marker atypical protein kinase C
(aPKC). Ranbp1−/− mutants have the same basic distribution of
aPKC as WT embryos (Fig. 3E,F). Together, these results indicate
that essential aspects of polarity of the cortical neuroepithelium
and its constituent radial glial stem cells are not substantially
disrupted by the loss of Ranbp1 function. Based upon in vitro
observations (Fan et al. 2011), disrupted Ranbp1 function may
compromise an additional aspect of epithelial polarity: the gen-
eration of primary apical cilia that distinguish all neural progeni-
tor and stem cells (Bay and Caspary 2012; Higginbotham et al.
2013). Thus, we evaluated cilia frequency in the pallial neuroepi-
thelium of E10.5 embryos, using Arl13b (Caspary et al. 2007) as a
marker (Fig. 3G,H). We did not see a statistically significant dif-
ference in cilia frequency in the E10.5 telencephalon (WT= 728 ±
100 cilia/mm; Ranbp1−/− = 607.6 ± 144 cilia/mm; n = 5 WT, 5 null;
P = 0.51); however, the average number is lower in Ranbp1−/− em-
bryos. Together, these results show that several key aspects of
neuroepithelial polarity often associated with disrupted cortical
neurogenesis are relatively undisturbed in Ranbp1−/− embryos.

Other aspects of signaling at the cortical apical/ventricular
surface may be compromised by loss of Ranbp1 function. We
noted apparent gross-phenotypic similarities between Ranbp1
and Noggin null mutations. Both result in similar proportions of
exencephalic embryos, as well as reduced telencephalic vesicle
size in the non-exencephalic cohort (McMahon et al. 1998). This
suggested that signaling via TGFβ-family members, particularly
BMPs and related signaling intermediates known to act on fore-
brain progenitors (Gross et al. 1996; Mehler et al. 2000), might
be compromised by Ranbp1 loss of function. Thus, we asked
whether Ranbp1 mutation disrupts BMP/SMAD signaling during
early telencephalic development, possibly by disrupting nuclear
import/export of activated SMADs (Nicolas et al. 2004). The
SMADs are downstream effectors of signaling via TGFβ-family
proteins; SMADs 1/5/8 are primary targets of embryonic BMP sig-
naling (Feng and Derynck 2005). BMPs (and possibly other TGFβ-
family signals) influence early cortical patterning (Shimogori
et al. 2004), are present in embryonic CSF (Lehtinen et al. 2011),
and are a likely signal to telencephalic progenitors at the ven-
tricular surface, presumably via SMAD phosphorylation to influ-
ence neuronal or radial glial fates (Li and Grumet 2007). Increased
and ectopic activation of BMP signaling in the telencephalon
accompanies exencephaly or microcephaly in Nog−/− embryos;
therefore, we asked whether BMP signaling was similarly dis-
rupted in the Ranbp1−/− by quantifying the frequency of phos-
pho-SMAD 1/5/8 labeled telencephalic ventricular zone cells.
Contrary to predictions, based upon the phenotypically similar
Nog−/− mutant, we found diminished frequency of pSMAD-
labeled cells in the dorsal pallium of E10.5 Ranbp1−/− embryos
(P < 0.01 by T-test; Fig. 3I–K), as well as an increased proportion
of pSMAD/SMAD (P < 0.05 by Mann–Whitney U-test; Fig. 3L–N).
Apparently, the phenotypic similarity between the Ranbp1 and
Nogginnull embryos is not due to increased BMP/SMAD signaling.
Nevertheless, additional aspects of TGFβ signaling at the apical/

ventricular surface, independent of radial glial polarity or cilia-
based transduction, are disrupted by Ranbp1 loss of function.

Proliferation of Forebrain Progenitors is Altered
by the Loss of Ranbp1

Our analysis of the embryonic Ranbp1−/− forebrain did not reveal
dramatic changes in neuroepithelial patterning or polarity;

Figure 3. Markers of neuroepithelial polarity are maintained in the E10.5 Ranbp1−/−

telencephalon. (A,B) Nestin-labeled progenitors are present and have apparently

normal morphology, and the apical markers β-catenin (C,D) and αPKC (E,F) appear

normal in Ranbp1−/− embryos. (G,H) Arl13B-labeled primary cilia are present

and appear grossly normal in Ranbp1−/− embryos. (I–N) SMAD signaling appears

disrupted in apical neuroepithelial cells: fewer phosphorylated SMAD 1/5/8

(pSMAD) cells are evident (I–K), although there are also fewer cells expressing either

phosphorylated or unphosphorylated SMAD1, leading to an increase in the pSMAD

+/SMAD+ ratio in the apical population (L–N). Scale bars: A–F = 50 µm, G–H = 5 µm,

and I,J,L,M= 25 µm. Inset in G,H is ×2.5 magnification. Number of embryos assessed

for each data point and P-values are noted on each graph.
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nevertheless, the cortex is visibly smaller at E10.5 (see Fig. 1F) and
measurably thinner by E14.5 (see Fig. 1S,T). Ranbp1 modulates
mitotic progression and proliferation in cultured cells following
over-expression or siRNA depletion (Battistoni et al. 1997;
Di Fiore et al. 2003; Ciciarello et al. 2010). Thus, we asked whether
reduced cortical thickness is a consequence of disrupted early
cortical progenitor proliferation, perhaps due to aberrant M
phase kinetics—reflecting essential contributions of Ranbp1 to
spindle formation and nuclear envelope assembly/disassembly
(Di Fiore et al. 2003; Tedeschi et al. 2007; Ciciarello et al. 2010;
Hwang et al. 2011)—in the E10.5 pallial neuroepithelium.

We compared proliferative progenitors in WT and non-exen-
cephalic E10.5 Ranpb1−/− embryos using 3 markers: BrdU, which
after a 1-h pulse labels cells in S phase; Ki67, which is expressed
at high levels in the nuclei of cells in early M phase, and PH3 to
identify cells in M phase. At E10.5, cortical progenitors (radial
glia) divide rapidly (Misson et al. 1988; Noctor et al. 2002). We
did not see a significant decrease in BrdU incorporation in the
Ranpb1−/− pallial neuroepithelium (Fig. 4A–C). In contrast, there
was a significant decrease in E10.5 mitotic progenitors based
upon diminished frequency of nuclear Ki67 (73% ± 2% SEM of
WT, P = 0.0005; Fig. 4D–F) and PH3-labeled cells (83% ± 6% SEM
of WT, P = 0.03; Fig. 4G–I). These changes in apparent mitotic
efficiency are not accompanied by a detectable increase in cell
death, which is equivalent in WT and Ranpb1−/− cortices
(Fig. 4J–N). Thus, it is unlikely that cell death accounts for reduced
cortical size. Instead, these data indicate that the diminished size
of the dorsal pallium in E10.5 Ranbp1−/− embryos reflects dis-
rupted entry and completion of the M phase of the cell cycle of
rapidly dividing cortical radial glial progenitors in the E10.5
neuroepithelium.

Premature exit from the cell cycle would increase the fre-
quency/density of cortical plate neurons, deplete the pool of pro-
liferative stem and precursor cells, diminish the frequency of M
phase progenitors, and reduce overall cortical size and thickness.
To determine whether this occurs in Ranpb1−/− embryos, we as-
sessed initial neurogenesis in the forebrain neuroepithelium at
E10.5 based upon increased frequency of cells expressing the
early neuronal marker TuJ1 (Fig. 4O–Q). This approach has been
used to identify premature cell-cycle exit caused by other factors
including pharmacological disruption of cell-cycle progression
(Calegari and Huttner 2003). We saw no evidence of premature
cell-cycle exit or increased neuron frequency in E10.5 Ranbp1−/−

embryos. Indeed, we saw a non-significant trend toward reduced
frequency of TuJ1 cells (Fig. 4Q). Apparently, reduced cortical size
in the Ranbp1 mutant is not due to premature cell-cycle exit and
enhanced neurogenesis at E10.5.

Loss of Ranbp1 Disrupts Cortical
Progenitor Proliferation

Once cortical neurogenesis begins, apical progenitors in the ven-
tricular zone (VZ) become distinct from basal progenitors in the
subventricular zone (SVZ): apical progenitors divide substantially
more slowly, whereas basal progenitors divide more rapidly
(shortened S/G2/M phase; Arai et al. 2011). We asked whether
the expression of Ranbp1 in the E14.5 cortexmight vary, identify-
ing particular sub-classes of VZ or SVZ progenitors or perhaps
early postmitotic neurons (Gleeson et al. 1999; Englund et al.
2005). Ranbp1 can be seen in apical progenitors in the VZ (labeled
by Pax6, Fig. 5A), basal progenitors of the SVZ (labeled by Tbr2,
Fig. 5B), and postmitotic neurons (labeled by Dcx, Fig. 5C). Never-
theless, levels of Ranbp1 immunoreactivity vary substantially
across the cortical mantle at E14.5 (Fig. 5D). Ranbp1 is attenuated

in Pax6-labeled presumed apical progenitors in the VZ (Fig. 5E),
robust in Tbr2-labeled presumed basal progenitors in the SVZ
(Fig. 5F), and substantially diminished in Dcx-labeled nascent
cortical neurons in the IZ and cortical plate (Fig. 5G,H). A similar
high level of Ranbp1 expression is noted in the SVZ of prenatal
human cortical samples in microarray studies (BrainSpan Atlas
of the Developing Human Brain, http://www.brainspan.org/lcm/
gene/5870) Accordingly, Ranbp1 is present in and could poten-
tially influence cortical neurogenesis during all stages of devel-
opment; however, the most robust Ranbp1 labeling is seen in
Tbr2-expressing, presumed basal progenitors in the SVZ.

Based upon potential activity of Ranbp1 in E14.5 cortical pro-
genitors and early postmitotic neurons, we assessed the distribu-
tion of postmitotic neurons in the E14.5 cortex to determine
whether neurogenesis or differentiation was disrupted. TuJ1-la-
beled early differentiating neurons appear substantially dimin-
ished in the CP/IZ in Ranbp1−/− embryo (Fig. 5I,J). To confirm
this impression, we measured the thickness of the CP/IZ defined
by TuJ1 across the entire pallial surface and found that the CP/IZ
is significantly thinner in E14.5 Ranbp1−/− cortex (P > 0.001;
Fig. 5K). In contrast, the thickness of the VZ/SVZ, defined as the
zonewhere TuJ1 expression is absent orminimal, is not substan-
tially reduced (P = 0.16; Fig. 5L). To more precisely quantify newly
generated cortical neurons, we next determined the frequency of
Ctip2-labeled cells, an early-generated projection neuron subpo-
pulation found primarily in layers 5/6 and present in sufficient
numbers at E14.5 to be accurately quantified (Fig. 5M–O). We
found significantly fewer Ctip2-labeled cells across the ventrolat-
eral to anteromedial extent of the E14.5 Ranbp1−/− cortex (P <
0.001; Fig. 5O). Together, these results indicate that, following
an initial change inMphase kinetics at E10.5, subsequent cortical
neurogenesis is slowed or diminished in Ranpb1−/− mutants.

Ranbp1 is Necessary for Optimal Proliferation of Basal,
But Not Apical Progenitors

The apparent disruption of cortical neurogenesis in E14.5
Ranbp1−/− embryos could reflect the combined consequences of
a smaller pool of E10.5 radial glial stem cells due to altered M
phase kinetics and continued slowed radial glial proliferation,
or aberrant basal-progenitor proliferation. Thus, we examined
the frequency and proliferative capacity of these 2 distinct cor-
tical progenitor populations in at E14.5. We assessed multiple
phases of the cell cycle in Tbr2-negative cells (Tbr2−; presumed
radial glia) in the VZ and SVZ and Tbr2-positive cells (Tbr2+; pre-
sumed basal progenitors) in the SVZ. Once again, we used mul-
tiple markers, including Cyclin D1, whose nuclear expression
distinguishes G1, acute BrdU (1 h before collecting fetuses) to
identify cells in S-phase, and PH3 to assess M phase.

The frequency of Tbr2− presumed apical progenitors in the
VZ/SVZ does not differ between Ranpb1−/− and WT (Fig. 6A–C).
Similarly, there is no significant difference in Tbr2+-presumed
basal-progenitor cells in the Ranbp1−/− cortex. Both observations
are consistent with the lack of significant change in VZ/SVZ
thickness in the E14.5 Ranbp1−/− cortex (see Fig. 5G). Nevertheless,
cortical progenitor proliferative capacity is selectively disrupted:
VZ apical progenitors are spared, and SVZ basal progenitors are
compromised. G1 integrity in Ranpb1−/− apical progenitors,
based upon frequency of nuclear Cyclin D expression in
Tbr2− VZ/SVZ cells, is unaltered (Ranbp1−/−: 85% ± 8% SEM of
WT, P = 0.27; Fig. 6D–F). In contrast, the frequency of Cyclin D
nuclear labeling is significantly reduced for Ranbp1−/− basal pro-
genitors (73% ± 4% SEM of WT, P = 0.024). We found no significant
differences in the number of S-phase apical progenitors,

Ranbp1 Disrupts Layer 2/3 Neurogenesis Paronett et al. | 3983

http://www.brainspan.org/lcm/gene/5870
http://www.brainspan.org/lcm/gene/5870
http://www.brainspan.org/lcm/gene/5870
http://www.brainspan.org/lcm/gene/5870
http://www.brainspan.org/lcm/gene/5870
http://www.brainspan.org/lcm/gene/5870


identified as BrdU+/Tbr2− VZ/SVZ cells (94% ± 9% SEM of WT, P =
0.66; Fig. 6F). In contrast, there were significantly fewer BrdU+/
Tbr2+ basal progenitors in the Ranbp1−/− SVZ (74% ± 8% SEM of
WT, P < 0.006; Fig. 6F, right). Finally, we did not detect a statistic-
ally significant change in PH3-labeled Ranbp1−/− apical precur-
sors (84% ± 4% SEM of WT, P = 0.08; Fig. 6J–L); in contrast, there is
a substantial, statistically significant change in the number of
PH3-labeled mitotic basal Tbr2+ Ranbp1−/− basal progenitors
(56% ± 8% SEM of WT, P = 0.04). Apparently several phases of the

cell cycle—most dramatically M phase—are disrupted in basal,
but not apical E14.5 cortical progenitors.

The decrease in these 3measures ofmitotic activity inVZ/SVZ
progenitors suggests that the loss of Ranbp1 at E14.5 retards cell-
cycle progression, especially in M phase, and primarily in rapidly
dividing basal progenitors. We therefore asked whether addi-
tional aspects of mitosis might be disrupted in Ranbp1−/− mitotic
progenitors. Previous reports suggest that Ranbp1 is required for
optimal chromosome segregation (Guarguaglini et al. 2000;

Figure 4. Proliferation, but not cell death or early neurogenesis, is disrupted in the Ranbp1−/− telencephalon. (A–I) Proliferation of E10.5 neuroepithelial cellswas assessed in

WT (+/+) and null (−/−) embryos by assessing BrdU incorporation 1 h after a BrdU injection (A–C), by Ki67 (G2/M phase) expression (D–F), and by PH3 (M phase) expression

(G–I). (J–N) Cell death was assessed in E10.5 neuroepithelium (J–K) and E14 cortex (L,M) by assessing cells expressing activated (cleaved) caspase. (O–Q) Early neurogenesis

was assessed by quantifying E10.5 neuroepithelial cells expressing the neuronal marker TuJ1. Scale bars = 50 µm, except O,P = 25 µm.
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Figure 5.Neurogenesis is disrupted in the Ranbp1−/− cortex. (A–H) Relative expression of Ranbp1 was assessed in E14.5 cortex by double labeling withmarkers for distinct

progenitor subpopulations, including Pax6-expressing apical progenitors (A), Tbr2-expressing basal progenitors (C), as well as Doublecortin (Dcx)-positive intermediate

zone (IZ) and cortical plate (CP) neuronal precursor cells, and immature neurons (C). Ranbp1 is expressed in all cortical layers (D), although high-magnification confocal

micrographs indicate that levels are more robust in VZ (E) and SVZ (F), relative to IZ and CP. (I–L) Thickness of the TuJ1-expressing neuronal population is reduced in the

Ranbp1mutant, asmeasured at 6 evenly distributed locations across the corticalmantle (white lines, I). Quantification of the thickness of the TuJ1 layer shows reduction in

Ranbp1−/− cortex (K; P < 0.001 by two-way ANOVA), whereas the thickness of the underlying VZ/SVZ layer is unchanged (L,P = 0.18). (M–O) Quantification of early generated

neurons in 3 evenly distributed 150-µm-wide counting boxes (dashed lines, M) shows a reduction in the number of Ctip2-expressing neurons in the Ranbp1−/− cortex (O;

P < 0.001 by two-way ANOVA). Scale bar for A–D = 50 µm; 5 µm for E-H, and 200 µm for I,J and M,N. Inset for I,J is ×2 magnification; ×3 magnification for M,N.
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Figure 6. Proliferation of basal progenitors is disrupted in the Ranbp1−/− cortex. (A–C) Tbr2-positive basal progenitors are present in similar numbers in both WT (A) and

Ranbp1−/− (B) cortex, as assessed in a 150-µm counting box in a medial position (equivalent to Position 2 in Fig. 5I) of the E14.5 cortex, as are non-Tbr2-expressing (DAPI

+/Tbr2−) cortical cells (C). Blue overlay in A,B shows nuclear DAPI staining. (D–L) Immunofluorescent double-labeling was used to quantify Tbr2-expressing (Tbr2+) basal

progenitors and Tbr2-negative (Tbr2−, primarily apical progenitors) in the VZ/SVZ of E14.5 cortex that express the G1-phase marker Cyclin D1 (Ccnd1, D–F), S phase
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Tedeschi et al. 2007; Hwang et al. 2011). Accordingly, we exam-
inedmitotic cells for spindle pole formation and apparentmitotic
cleavage plane orientation in mitotic figures in the cortical VZ/
SVZ (Fig. 6M,N). By examining PH3-labeled cells with identifiable
spindle poles (labeled with γ-tubulin) with high-resolution con-
focal microscopy, we identified cells in each stage of mitosis
(metaphase, anaphase, telophase; Fig. 6M, bottom). We found
no statistically significant difference in the frequency of each
mitotic phase among the PH3-labeled VZ/SVZmitotic population
(P = 0.14 by Fisher’s Exact test), and we saw no evidence of any
chromosomal anomalies (e.g., lagging chromosomes or cytokin-
esis asymmetries) in any examined cell, although relatively few
anaphase and telophase cells were present in either WT or
Ranbp1−/− cortical samples. Furthermore, we saw no significant
difference in the mitotic cleavage angle of the apical population
(Fig. 6N) as distinguished by the angle of the spindle poles relative
to the ventricular surface. Thus, major disruptions in mitotic
spindle formation or chromosome segregation do not ac-
company the change in proliferative activity in Ranbp1 VZ/SVZ
precursors.

Homozygous deletion of Ranbp1 shares a key phenotype with
the LgDelmousemodel of 22q11.2 DS: disrupted basal-progenitor
proliferation (Meechan et al. 2009). Thus, we asked whether het-
erozygous deletion of Ranbp1 disrupts basal-progenitor prolifer-
ation. We found no significant difference in basal-progenitor
proliferation (BrdU+/Tbr2+ cells) in E14.5 Ranbp1+/− cortex
(95% ± 6% SEM of WT of WT, n = 14, P = 0.54; data not shown).
Thus, diminished dosage of Ranbp1 is apparently not the sole
contributor to disrupted basal-progenitor proliferation and re-
lated phenotypes in the LgDelmouse, whichmodels theminimal
(1.5 Mb) 22q11.2 deletion (Carlson et al. 1997; Michaelovsky et al.
2012). Heterozygous deletion of Ranbp1 in the context of broader
22q11.2 deletion likely acts in concert with diminished dosage of
other genes within and beyond the minimal critical 22q11.2 de-
leted region to modify basal-progenitor proliferation in the
LgDel mouse model of 22q11.2 DS (Meechan et al. 2009).

Loss of Ranbp1 Disrupts Exit of Basal Progenitor Progeny
from the Subventricular Zone

To determine the significance of reduced basal-progenitor prolif-
eration in the E14.5 Ranbp1−/− cortex, we examined their pre-
sumed early neural progeny labeled by BrdU on E13.5, 16 h prior
to collecting embryos. We quantified 2 distinct populations,
BrdU+/Tbr2+ cells in the SVZ and presumed postmitotic neurons
(BrdU+/Tbr2−) in the SVZ/IZ (Fig. 7A,B). We found a significant in-
crease in BrdU+/Tbr2+ cells in the Ranpb1−/− SVZ (145% of WT, P =
0.023; Fig. 7C, left), in sharp contrast to decreased Tbr2+/BrdU+

SVZ following a 1 h of BrdU pulse (see Fig. 6G–I). In addition,
fewer likely postmitotic neurons (Tbr2−/BrdU+ cells in the IZ)
are generated (67% of WT, P = 0.013; Fig. 7C, right). Ranpb1 loss
of function does not appear to cause early cell-cycle exit; instead,
it likely prolongs cell division, perhaps through retarding M
phase, and thereby diminishes cortical neurogenesis. We also
asked whether selective disruption of proliferative kinetics in
basal progenitors influences migration of postmitotic neuro-
blasts into the cortical plate in Ranpb1−/− embryos. In E14.5 WT

cortex, newly born neurons (BrdU+/Tbr2− after 16 h of BrdU) are
seen primarily in the IZ; few Tbr2+/BrdU+ cells remain in the
SVZ (Fig. 7A, right). In contrast, newly born neurons in the E14.5
Ranbp1−/− cortex are clustered along the upper boundary of the
SVZ (Fig. 7B). Apparently, altered proliferative kinetics in the
Ranbp1−/− cortex compromises migratory capacity, and perhaps
acquisition of neuronal characteristics (suggested bymaintenance
of Tbr2 expression) in postmitotic, presumed cortical neurons.

Reduced Basal-Progenitor Proliferation Leads to Loss
of Layer 2/3 Projection Neurons

The disruption of cortical progenitor proliferation in Ranbp1−/−

mutants suggests several possible scenarios for subsequent cor-
tical differentiation. Disruption of radial glial/neuroepithelial
stem cell division at E10.5 might yield a smaller cortex where
the relative thickness of lamina and overall organization does
not differ substantially from WT. Alternately, the change in cor-
tical size may reflect a combination of fewer radial glia due to
E10.5 disruption, followed by disrupted genesis of cortical neu-
rons in all layers, due to slowed proliferation of basal progenitors.
If this was the case, and if basal progenitors contribute substan-
tially to all layers, there would be a proportionate loss of all lam-
inar cohorts across a thinner cortex. Finally, if basal progenitors
are biased toward genesis of laminar subsets, there should be a
disproportionate reduction of specific laminar subpopulations.
To resolve these possibilities, we evaluated projection neuron
identities and laminar organization in the cortex of E17.5
Ranbp1−/− and WT fetuses.

In the E17.5 Ranbp1−/− cortex, we found reduced frequency of
Satb2-labeled cells (56% of WT; P = 0.01; Fig. 7D–F) thought to re-
present commissural neurons (Alcamo et al. 2008) found pre-
dominantly (but not exclusively) in layer 2/3, and Cux1-labeled
cells (70% ofWT, P = 0.02, Fig. 7G–I) that include a broader popula-
tion of layer 2/3 projection neurons (Cubelos et al. 2010). In
contrast, layer 5/6 projection neuron frequency, identified by
Ctip2, is not significantly reduced in the E17.5 Ranpb1−/− cortex
(Fig. 7D–F). Apparently, E10.5 as well as E14.5 proliferative
changes result in relative preservation of the layer 5/6 cohort of
projection neurons at the expense of layer 2/3 projection neu-
rons. To confirm this impression, we evaluated E14.5-generated
layer 5/6 versus layer 2/3 neurons.We found no change in the fre-
quency of E14.5 BrdU/Ctip2-labeled layer 5/6 neurons in E17.5WT
versus Ranpb1−/− cortex; however, there was a substantial de-
crease in BrdU/Cux1-labeled layer 2/3 neurons (Fig. 7J–L). Thus,
even at the midpoint of cortical neurogenesis, when both infra
and supragranular layer neurons are generated, layer 5/6 projec-
tionneurons are produced at normal levelswhereas layer 2/3 pro-
jection neurons decline in concert with altered basal-progenitor
proliferation caused by Ranbp1 loss of function. Accordingly, the
regulation of rapid basal-progenitor division, apparently during
M phase by Ranbp1, at least from E14.5 onward, is critical for
the genesis of layer 2/3 neurons.

Discussion
Ranbp1, the mouse orthologue of 1 of 32 protein-encoding genes
in the human 22q11.2 DS minimal critical deleted region, has

incorporation of BrdU from a 1-h administration of BrdU (G–I), or express the M phasemarker PH3 (J–L). Significance of each independent pair was assessed by Student’s t

test for the data shown in A–L. (M) Assessment of the cell-cycle phase of proliferating cells was assessed by examining PH3-labeled condensed chromatin in cells with

2 identifiable γ-tubulin-labeled spindle poles; examples of each cell-cycle phase are shownat bottom.No significant differencewas observed in cell-cycle phase by Fisher’s

exact test (P = 0.15, top). (N) No significant differencewas observed in the angle of the spindle poles (measured relative to the ventricular surface) for all cells (P = 0.48, n = 46

WT, 43 Ranbp1−/− cells assayed from3 embryos of each genotype), although a trendwas observedwhen only the small number of anaphase/telophase cells are considered

(P = 0.054, n = 5 WT, 4 Ranbp1−/− cells). All scale bars = 25 µm.
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Figure 7. Genesis of upper-layer neurons is disrupted in the Ranbp1−/− cortex. (A–C) Fate of proliferative cells was determined by harvesting embryos at E14.5, 16 h after a

maternal injection of BrdU. Distribution of single-labeled BrdU+/Tbr2− (red) and double-labeled BrdU+/Tbr2+ (yellow) cells is illustrated on the right side of theWT (A) and

Ranbp1−/− (B) panels, as established by measuring and plotting the laminar (Y-axis) position of each single- and double-labeled cell from 4 embryos of each genotype. (C)

Quantification of double-labeled (Tbr2+/BrdU+) and single-labeled (Tbr2−/BrdU+) populations in cortex 16 h after BrdU injection. (D–L) Upper layer neurons are
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essential functions in craniofacial, eye and cortical development.
Exencephaly in 61–70% of Ranbp1−/− embryos suggests that
Ranbp1 is crucial for early cranial/anterior neural tube morpho-
genesis, perhaps in the context of additional polymorphic loci,
maternal, or environmental factors. Ranbp1−/− embryos without
exencephaly have milder craniofacial and ocular anomalies,
and their brains—especially their cerebral cortices—are smaller.
We focused on cortical development because candidate 22q11.2
genes for cortical differentiation phenotypes in the LgDel as
well as Df1 mouse models of 22q11.2 DS (Meechan et al. 2009,
2012, 2015; Fenelon et al. 2013; Ellegood et al. 2014) have not yet
been identified. Ranbp1 loss-of-function alters cortical growth
by first compromising early neuroepithelial/radial glial progeni-
tors as they divide rapidly to establish the rudimentary dorsal
pallium. Subsequently, Ranbp1 loss-of-function disrupts prolifer-
ation of rapidly dividing basal progenitors, while sparing more
slowly dividing apical/radial glial progenitors. This results in re-
duced generation of layer 2/3 projection neurons, without signifi-
cant changes in layer 5/6 projection neurons. Throughout cortical
development, M phase of the cell cycle seems to be most signifi-
cantlymodified by Ranpb1 loss-of-function. The diminished layer
2/3 projection neuron phenotype in Ranbp1−/− embryos parallels
decreased layer 2/3 projection neuron frequency in the 22q11.2
DS LgDel mouse model (Meechan et al. 2009, 2015). We suggest
that diminished dosage of Ranbp1, in concert with that of other
22q11.2 genes, contributes to this phenotype, and thus to disrup-
tion of cortical circuit development that compromises behavior
due to 22q11.2 deletion.

A Novel Mouse Mutant for Studying Ranbp1 Function

We generated a new loss-of-function allele for Ranbp1 that dis-
rupts the second exon of the Ranbp1 locus and does not yield de-
tectable amounts of Ranbp1mRNA or Ranbp1 protein. Expression
of adjacent genes in the 22q11.2 orthologous region, including
Trmt2a (Htf9c) that shares a bidirectional promoter with Ranbp1,
is not disrupted by this Ranbp1 mutation. The core phenotypes
in our Ranbp1 mutant have remained stable after numerous out-
crosses to commercially obtained C57Bl6-N stock (outcrossed at
least 8 generations by the vendor). Thus, it is unlikely that inde-
pendent segregation of any unlinked modifier gene accounts for
the core Ranbp1 phenotypes. A brief report using a different tar-
geted Ranbp1mutation (Nagai et al. 2011) on amixed background
(hybrid C57Bl6:S129 strain) identified a small number (25% of the
expected Mendelian ratio) of homozygous mutants that survive
birth and intomaturity. Thesemutantmice are small, apparently
microcephalic, and infertile. Analysis of mutant embryos or fe-
tuses—presumably including the 75% of Ranbp1−/− that are not
recovered live—is not reported for this line.We did not recover vi-
able postnatal mice across multiple litters from our Ranbp1−/−

line. Thus, the Ranbp1 mutant allele reported by Nagai et al.
may be modified by other factors—most likely the mixed back-
ground used to generate the mutants for analysis. In addition,
selective husbandry—culling of WT littermates shortly after
birth to stabilize the small Ranbp1−/− pups, or the use of foster
mothers—may facilitate survival and study of a small proportion
ofmutantmice that are born live. Sensitivity to background strain

hasbeenobserved for several othermutations associatedwithpar-
tially penetrant exencephaly, including Noggin (McMahon et al.
1998) and Gli3 (Theil et al. 1999). In these cases background strain
variation modulates the frequency of exencephaly and modestly
modulates the severity of other phenotypes. Thus the discrepancy
in postnatal survival of the 2 Ranbp1 alleles likely reflects differ-
ences in background strain, as well as focus on prenatal develop-
ment in our study versus postnatal viability in the previous report.

Ranbp1 is A Novel Microcephaly Gene

Ranbp1 loss of function in non-exencephalic mutant embryos re-
sults in a significantly smaller head, forebrain and cerebral cor-
tex. Ranbp1 regulation of brain size may contribute to a fairly
penetrant phenotype in 22q11.2 DS: reduced brain volume in up
to 50% of 22q11.2 DS patients (Bearden et al. 2007; Jalbrzikowski
et al. 2013). It is unlikely that Ranbp1 alone accounts for this
22q11.2 DS phenotype; Ranbp1+/− embryos do not have noticeably
smaller heads or brains. Instead, Ranbp1 may have dosage-de-
pendent interactions with other cell-cycle regulators in the min-
imal critical region that are expressed in the VZ/SVZ during
cortical neurogenesis including Hira, Cdc45l, and Trmt2a (May-
nard et al. 2003; Meechan et al. 2006; Meechan et al. 2009). In add-
ition there may be an additive effect for diminished dosage of
Ranbp1 andmitochondrial 22q11.2 genes that subsequently influ-
ence neuronal growth (Maynard et al. 2008). One additional
22q11.2 DS gene—Tbx1—that contributes to cardiovascular dys-
morphogenesis and cranial nerve anomalies in 22q11.2 DS
(Merscher et al. 2001; Karpinski et al. 2014) is not likely a direct
contributor tomicrocephaly due to altered cortical precursor pro-
liferation. It is not expressed at significant levels in the VZ/SVZ
(Meechan et al. 2009), and cortical phenotypes have not been
noted in the extensive literature on Tbx1-mediated cardiac and
craniofacial development. Additional genetic modifiers may in-
fluence the severity of the Ranbp1 null cortical phenotype, or its
contribution to related 22q11.2 deletion phenotypes. Interaction
with other non-genetic factors is also possible. Ranbp1 expression
can be enhanced in response to NMDA receptor signaling (Chao
et al. 2012). In the context of 22q11.2 deletion, diminished dosage
of Ranbp1may alter normal NMDA receptor-mediated responses,
or exacerbate the consequences of another mutation that dis-
rupts NMDA signaling.

Most primary microcephaly disorders for which single genes
have been identified reflect disruption of the centriole, centro-
some, and spindle apparatus (Megraw et al. 2011; Gilmore and
Walsh 2013). Our data, and previously published observations
in cell culture (Guarguaglini et al. 2000; Di Fiore et al. 2003;
Tedeschi et al. 2007), implicate Ranbp1 in M phase regulation;
however, its specific role is not yet established. If Ranbp1 med-
iates rapid disassembly and reassembly of the nuclear envelope
duringmitosis (Ciciarello et al. 2010; Hwang et al. 2011), then loss
of function may prolong the time necessary to divide and
reestablish the nucleus. Such changes may secondarily com-
promise centriole integrity, cell polarity, spindle assembly, and
disassembly.We note, however, that we did not find a significant
change in number or distribution of primary cilia—anchored by
the centriole—at the cortical ventricular surface in Ranpb1−/−

preferentially disrupted in the Ranbp1−/− cortex, as assessed in E17.5 cortex, following BrdU injection at E14.5. (D–F) Assessment of Satb2 (green) and Ctip2 (red) in E17.5WT

(D) and Ranbp1−/− (E) cortex. (F) Quantification of upper-layer Satb2+ cells (above the Ctip2-expressing cells) and lower-layer Ctip2+ cells as assessed in a 150-µm counting

box in amedial position of the cortex. (G–I) Quantification of Cux1+ cells (green) and Ctip2+ (red) cells, assessed using similarmethodology to R–T. (J–L) Assessment of fate

of E14.5 BrdU-labeledneuronal cells inWT (J) andRanbp1−/− (K) cortex at E17.5. Tissuewas triple-labeled for upper-layer (Cux1, green) and lower-layer neurons (Ctip2, blue),

aswell as for BrdU (red). For clarity, each panel is separated to showCtip2/BrdU labeling (J,K) on the left and Cux1/BrdU labeling (J′,K′) on the right. (L) Fate of the E14.5 BrdU-

labeled cohort was quantified by counting strongly labeled BrdU+ cells coexpressing either Ctip2 or Cux1. Significance of each independent pair was assessed by Student’s

t test. All scale bars = 25 µm.
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mutants, nor did we find any substantial disruption of cleavage
orientation or chromosome segregation. Ranbp1, therefore, is a
novel microcephaly gene that likely disrupts mitotic capacity
via its influence on nuclear envelope assembly/ disassembly
and may act in concert with other 22q11.2 genes to cause dimin-
ished brain size in 22q11.2 DS patients.

Ranpb1 Modulates Rapidly Dividing
Cortical Progenitors

We found that Ranbp1does not act selectively in a specific cortical
precursor class, but rather in cortical precursors that are in a spe-
cific state: rapid cell division/M-phase. Thus, as neuroepithelial/
radial glial progenitors shift from rapid to slower rates of division
between E10.5 and E14.5 (Caviness et al. 1999), and as rapidly div-
iding (shortened S/G2/M) basal progenitors emerge by E14.5 (Arai
et al. 2011), there is a shift in precursor populations compromised
by Ranpb1 loss of function from apical to basal progenitors. The
most severe proliferative deficit for E10.5 apical and E14.5 basal
progenitors is seen for M phase, consistent with the suggested
function of Ranbp1 in regulation of mitosis. Basal progenitors
also showed significant reductions in G1 and S phase; however,
this may be a consequence of slowed reentry of daughter cells
into the cell cycle due to M phase changes. This is consistent
with reports suggesting Ranbp1 modulates other aspects of cell-
cycle progression, including entry into S phase (Battistoni et al.
1997; Guarguaglini et al. 2000; Ciciarello et al. 2010). Together,
these data indicate that Ranbp1 function is associated with the
state of rapid proliferation and division—especially the kinetics
of M phase—rather than a particular cortical precursor class.

Many previously described genetic forms of microcephaly
have been associated with specific disruption of apical progeni-
tor/radial glial division, which and can result in precocious
neurogenesis at the expense of the apical progenitor pool, thus
limiting cortical expansion (Chae and Walsh 2007). We did not
find premature neurogenesis in E10.5 Ranbp1−/− mutants. In add-
ition, there is no evidence of enhanced cell death in the E10.5
Ranpb1−/− cortex. The altered proportions of pSMAD versus
SMAD VZ cells suggest that E10.5 Ranbp1−/−apical precursors re-
tain signaling responses characteristic of neurogenic radial glial
progenitors (Li and Grumet 2007), but perhaps activate signaling
more slowly. These changesmay reflect the central role of Ranbp1
in modulating nuclear export (Fung and Chook 2014). Signaling
via Bmp, Shh, and Wnt family members relies at least in part on
regulated nuclear import/export of activator proteins, and our
data indicates that at least 1 of these pathways, that via SMAD1/
5/8, is altered in the Ranbp1−/− cortex. In addition, miRNA process-
ing relies on facilitated nuclear import/export (Iwasaki et al. 2013).
It is intriguing to speculate that Ranbp1 interacts with another
22q11.2 gene, Dgcr8, which regulates miRNA processing and ap-
parently contributes to cortical phenotypes in 22q11.2 DS mouse
models (Fenelon et al. 2011, 2013; Chun et al. 2014). The available
evidence, however, suggests thatDgcr8 does not likely comprom-
ise basal-progenitor proliferation in the Ranbp1−/−or LgDel cortex.
Our preliminary observations suggest that Dgcr8 protein is un-
detectable by immunofluorescent staining in the VZ/SVZ (data
not shown), similar to its mRNA expression profile in prenatal
human cortex (BrainSpan, http://www.brainspan.org/lcm/gene/
33778); however, Dgcr8 is detected in the cortical plate. Thus, in
the context of 22q11.2 deletion, diminished dosage of Ranbp1
likelymodifies basal progenitors independent ofDgcr8. Key inter-
actions between Ranbp1 and other 22q11.2 genes remain to be
defined.

Ranpb1 Regulates Genesis of Layer 2/3
Projection Neurons

Ranbp1 is apparently essential for the genesis of appropriate
numbers of layer 2/3 cortical projection neurons. Diminished fre-
quency of layer 2/3 projection neurons, without similar changes
in layer 5/6, is themost quantitatively substantial cortical pheno-
type in the Ranpb1−/− fetus. This loss of upper-layer neuronsmay
reflect the reduced proliferation of basal progenitors. It has been
suggested that this population, at least from E14.5 onward, pri-
marily produces layer 2/3 cells (Tarabykin et al. 2001; Cubelos
et al. 2008). We found that Ranbp1 loss of function biases cortical
neurogenesis toward production of layer 5/6 cells, either at the
expense of cells that would otherwise be specified as layer 2/3
projection neurons, or because layer 5/6 neurons are generated
from more slowly dividing progenitors. Several mechanisms
might account for this change. First, the genesis of layer 2/3 ver-
sus layer 5/6 neurons might depend upon numbers of apical or
basal progenitor divisions. If this is the case, the early slowing
of apical progenitors, followed by slow basal progenitors in
Ranbp1−/− embryos would yield cortical progenitors capable of
generating layer 5/6 cells at a timewhen layer 2/3 cells would nor-
mally be produced. Second, the altered proliferative kinetics of
basal progenitors, whichmay be biased (but not specified) to pro-
duce layer 2/3 neurons may selectively prevent postmitotic pro-
geny from responding to key signals that establish or maintain
layer 2/3 identities; therefore, daughter cells acquire or retain
anomalous layer 5/6 identities. Finally, the failure of cell migra-
tion in the Ranpb1−/− cortex may disrupt essential cell–cell inter-
actions facilitated by normal cortical neuronalmigration, leading
to retention or inappropriate acquisition of layer 5/6 identities by
later generated neurons that arise from proliferatively retarded
basal progenitors.

Ranbp1 loss of function may selectively disrupt molecularly
distinct subsets of apical and basal progenitors with characteris-
tic proliferative properties due to variation in Ranbp1 levels in
subsets of VZ/SVZ cells. Recent studies suggest significant mo-
lecular heterogeneity within apical and basal-progenitor classes.
Accordingly, the apparent selectivity of Ranbp1may be due to its
relative activity, based upon expression level or post-translation-
al modification state, in subsets of Cux2-expressing radial glia
that may be biased to produce layer 2/3 neurons (Franco et al.
2012; Franco and Muller 2013). Similarly, subsets of apical pro-
genitors that express high levels of Fezf2 may also preferentially
generate upper-layer neurons (Guo et al. 2013). Ranbp1 loss of
function might specifically compromise these apical cells there-
by further amplifying disrupted upper-layer neurogenesis. Alter-
natively, loss of Ranbp1 activity may have selective effects due to
differences in cell-cycle kinetics or other molecular differences
independent of characteristic molecular and cell-fate distinc-
tions between apical and basal progenitors. Further experiments
using conditional approaches to inactivate Ranbp1 in specific ap-
ical and basal subpopulations, or in precursors in distinct prolif-
erative states, would clarify this issue.
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